OccR is a LysR-type transcriptional regulator of
Introduction 17
LysR type regulators (LTTRs) comprise the largest family of transcriptional regulators 18 found in most proteobacteria (15, 22) . Most LTTRs are involved in the regulation of 19 metabolic functions such as amino acid synthesis or in carbon catabolism. These 20 proteins contain a highly conserved N-terminal DNA binding domain and a less 21 conserved C-terminal ligand recognition domain. The activities of LTTRs are generally 22 regulated by low molecular weight ligands, but these proteins are highly unusual among 23 transcription factors in that most are able to bind to their DNA recognition sites with 24 similar affinity in the presence or absence of these ligands. With a few exceptions, 25
LTTRs regulate transcription by undergoing conformational changes that have little 26 effect on binding affinity, but that nonetheless alter their ability to recruit RNA 27 polymerase (RNAP). Without the inducing ligand, at least some LTTRs bind to a region 28 of DNA that spans five helical turns, with one dimer centered at or near nucleotide -62 29 and the other centered at or near -32 (11, 16, 27, 29, 36, 38) . In this conformation, 30
LTTRs cause a high-angle DNA bend. Upon ligand binding, the dimer centered at -32 31 shifts to a position centered at nucleotide -42, a position at which many transcriptional 32 regulators bind in order to recruit RNA polymerase. This change of conformation 33 exposes the promoter to solvent, allowing RNA polymerase recruitment, and relaxes a 34 high-angle DNA bend. Genes encoding LTTRs are often transcribed divergently from 35 the target promoter, and are negatively autoregulated (15, 22) , and in such cases, both 36 ligand-bound and ligand-free forms of the protein are equally able to carry out 37 autorepression. A small number of LTTRs have been shown to bind as a dimer in the 38 absence of ligands, centered at approximately -62, and as tetramers in their presence, 39 bacterial nutrients. Opines cause the induction of genes encoding cognate uptake and 48 catabolic proteins within the bacterium, and this induction requires dedicated opine 49 detection systems. The OccR protein is encoded by some tumor-inducing (Ti) 50 plasmids, including pTiA6, pTiR10, pTiAch5, and pTi15955, and is responsible for 51 detecting one such opine, called octopine, which is synthesized by a reductive 52 condensation of arginine and pyruvate (14). OccR binds DNA in the presence or 53 absence of octopine, but binding of octopine causes the protein to activate a nearby 54 promoter of a 14-gene operon that encodes two ABC-type permeases, four opine 55 catabolic genes, and traR, which encodes a quorum sensing transcriptional regulator 56 (12, 38) . 57 58 Purified OccR binds upstream of the occQ promoter in the presence or absence of 59 octopine (1, 2, 38, 40) . In the absence of octopine, OccR protects a region of DNA 60 extending from -80 to -28 nucleotides upstream of the occQ promoter, and causes a 61 high angle DNA bend. Addition of octopine has only minor effects on the binding 62 on October 22, 2017 by guest http://jb.asm.org/ Downloaded from 8 AB medium containing the same antibiotics as above and X-Gal. Since this strain 132 contains an occR-lacZ fusion, clones containing OccR alleles still able to repress this 133 promoter will form white colonies on this medium. Of the 1000 clones so tested, 16 134 appeared to be proficient in autorepression. 135
136
Derivatives of pSS102 thought to contain positive control mutations were introduced into 137 E. coli strain DH5α and then reintroduced into KYC1211(pSS101) to ensure that the 138 observed phenotypes were attributable to the pSS102 plasmid. Quantitative assays of 139 β-glucuronidase and β-galactosidase expression in response to varying octopine 140 concentrations were performed using these reconstructed strains (Tables 2 and 3) . 141
Eleven clones having a PC phenotype and isolated from independent pools of 142 mutagenized plasmids were retained for further study (Fig. 1) . All mutants were 143 strongly defective in expression of the occQ promoter, though the mutant A141V 144 showed a residual induction (Table 2 ). All mutants also repressed the occR-lacZ 145 fusion, indicating that they must retain the ability to fold correctly, resist proteolysis, and 146 to bind to operator DNA (Table 3) . 147 148 DNA bending by OccR positive control mutants. Plasmid pCST301 is a derivative 149 of pET22b that contains a PT7-occR-His 6 fusion. Fragments of the occR gene of this 150 plasmid were replaced using the corresponding occR fragments containing the 151 mutations described above, and the resulting mutant proteins were overexpressed and 152 purified using IMAC as described above. Purified OccR proteins were used in DNA 153 bending assays as described previously (1). The OccR binding site was previously 154 on October 22, 2017 by guest http://jb.asm.org/ Downloaded from placed into plasmid pBend3 (42), which is designed to measure DNA bending, creating 155 pLW132. We used PCR amplification to construct a 334 nucleotide fragment with the 156
OccR binding site at the center of the fragment (virtually identical to a fragment excised 157 using BamHI, see ref (1)). OccR-DNA complexes with a high bend angle migrate more 158 slowly on electrophoretic gels than similar complexes with low bend angles. In 159 previous studies, slow electrophoretic migration of complexes containing this fragment 160 has been invariably associated with a 52 nucleotide DNase I footprint while rapid gel 161 migration was invariably associated with a 42 nucleotide footprint (1, 2, (38) (39) (40) . 162
163
We hypothesized that OccR mutants with defects in octopine detection or 164 octopine-dependent conformational changes would have a high-angle DNA bend even 165 in the presence of octopine, while PC mutants with defects in RNA polymerase contacts 166 or some other step in initiation should behave like wild type OccR in these bending 167 assays, that is, they were predicted to show a high angle bend in the absence of 168 octopine and a low angle bend in its presence. The DNA fragment described above 169 was combined with wild type or mutant OccR proteins, and resulting complexes were 170 size-fractionated using 6% native polyacrylamide gels. In the absence of octopine, 171 complexes containing any of the mutant proteins migrated at the same rate as 172 complexes containing wild type OccR (Fig. 2) . In the presence of octopine, complexes 173 containing wild type OccR migrated considerably more rapidly than in its absence 174 (compare wild type complexes to the molecular weight standards). This indicates that 175 octopine caused OccR to undergo a conformational change that resulted in a low bend 176 angle, as previously reported (40). In contrast, the PC mutants showed little or no 177 on October 22, 2017 by guest http://jb.asm.org/ Downloaded from change in gel mobility in response to octopine. Mutants A90V, R140G, A141V, and 178 G196S appear to show some residual relaxation of the bend angle, but far less than 179 wild type OccR. Of these four mutants, R140G, A141V, and G196S showed residual 180 induction of the occQ promoter in vivo (Table 2) , which may help to explain their 181 residual relaxation of the DNA bend. In contrast, mutant A90V showed no induction of 182 the occQ promoter in vivo. Also of interest is mutant G91E, which showed residual 183 induction (Table 2 ) but which formed fully locked complexes (Fig. 2) . The reasons for 184 this are not clear. 185
186
We performed a control experiment to ensure that the mobility shifts that we had 187 detected were due to changes in DNA bending rather than differences in the number of 188 bound protein subunits. Gel retardation assays were repeated using DNA fragments 189 with the binding site near one end of the fragment rather than at the middle of the 190 fragment. Complexes made using these DNA fragments all migrated at the same 191 (more rapid) rate in the presence or absence of octopine (data not shown). We 192 conclude that these PC mutations altered the conformation of bound protein rather than 193 the number of bound OccR monomers. 194
195
Site-Directed PC mutants. Previous studies of two other LysR-type proteins (CysB 196 and GcvA, both of E. coli) have identified PC mutants in a predicted turn between 197 helices α2 and α3 (17, 19). We performed site directed mutagenesis to individually 198 alter six residues between amino acids 23 and 29, which are predicted to lie within or 199 near the corresponding turn of OccR (Fig. 3 ). Each mutant was tested for defects in 200 occQ activation and occR autorepression (Table 4) . Of these seven mutants, L24A 201 and L26A showed defects in the former but were proficient in the latter, therefore 202
showing defects in positive control. 203
204
The mutations that cause the L24A and L26A mutations were introduced into pCST301, 205 creating PT7-occR-His6 fusions. The two mutant proteins were purified and used for 206 mobility shifts in the presence and absence of octopine. In the absence of octopine, 207 both resembled wild type OccR (Fig. 4) . In the presence of 10 µM octopine, 208 complexes containing the L24A mutant migrated considerably more slowly than wild 209 type, and resembled the migration rate of complexes lacking octopine (Fig. 4) . In 210 contrast, complexes containing the L26A mutation migrated only slightly more slowly 211 than complexes containing wild type OccR (Fig. 4) . This indicates that this mutant is 212 still able to undergo octopine-mediated changes in conformation. Its defect in 213 activation must therefore have other causes, and is quite likely due to an inability to 214 interact with RNA polymerase. 215
216
Discussion 217
The present study focuses on the isolation of positive control mutations of OccR, and 218 complements an earlier study that focused on constitutively active 219 (octopine-independent) OccR alleles (1). It is striking that both classes of mutations 220 span virtually the entire length of the protein (Fig. 5) . A few PC mutations were even 221 found adjacent to the sites of constitutive mutations. In the former study, many of the 222 strongest constitutive alleles contained two point mutations that were strongly 223 on October 22, 2017 by guest http://jb.asm.org/ Downloaded from synergistic (1). In contrast, all the mutants described here contained just one amino 224 acid substitution. We conclude that mutations at many sites can perturb the delicate 225 balance between the two OccR conformations. In neither study did we isolate a 226 particular mutation more than once, suggesting that many more alleles of each 227 phenotype remain unidentified. composed of residues 164-259 (Fig. 5) . The cavity formed between domains I and II is 254 the likely ligand binding site (7, 25, 37) . OccR might therefore bind octopine at a 255 similar site. 256
257
We used the crystal structures described above, especially that of CbnR, to model the 258 mutations isolated in the current study (Fig. 5) . Of the 13 positive control mutations, 259 nine are found at predicted turns between alpha helices or beta strands. Four of the 260 13 mutations are predicted to lie within the DNA binding domain. Mutation R10Q lies in 261 helix α1, and is predicted to contact the linker helix. This mutation might therefore 262 impact the transmission of conformational changes between the domains. Mutations 263 L24A and L26A lie at or near a turn between helices α2 and α3, a region that has been 264 implicated in positive control in CysB and GvcA (17, 19) . Mutant R51H lies between 265 strands β1 and β2, and is predicted to be highly exposed to solvent. Because the two subunits of the CbnR dimer show a pronounced asymmetry (26), 274 these residues are predicted to lie in different environments on the two subunits. In 275 one subunit, these residues are predicted to contact the linker helix, and the mutations 276 might therefore affect the transfer of information between the ligand recognition domain 277 and the DNA binding domain. In the other subunit of the dimer, these residues face 278 toward a large channel within the complex. 279
280
We had predicted that two classes of positive control mutants would be found, one class 281 unable to bind octopine or unable to transmit octopine-induced conformational changes, 282 and the other unable to make productive contacts with RNA polymerase. The two 283 classes were to be distinguished by their DNA bending phenotype, as the first class 284 should be locked in a conformation that causes a high-angle DNA bend, while the 285 second class should be unimpaired in octopine-induced relaxation of the bend. 286
However, we did not anticipate that virtually all of the mutants we isolated would be of 287 the first class. Of the eleven mutants obtained in the initial screen, all had defects in 288 ligand recognition. Even when we targeted a suspected activation region, only one of 289 the two mutants was octopine responsive in DNA bending assays. These findings 290 underscore the importance of ligand-responsive changes in DNA bending and the large 291 fraction of the protein involved in this process. NahR mutants defective in activation but proficient 296 in DNA binding ability were found to be distributed across the full length of the protein 297 (33). Only one allele (P35S) was found in the DNA binding domain, and it was only 298 partially competent for DNA binding. All the other mutants were in the ligand 299 recognition domain, and may have affected the ability to detect the naphthalene. 300
Positive control mutants of CysB were described in two studies. In one report, five 301 mutations (Y27G, M160I, T196I, A244V and A247E) were defective for positive control. simultaneously. Binding to all four helices would cause a significant DNA bend, as has 326 been observed for several family members. The first two DNA recognition helices 327 could bind consecutive major grooves of the DNA, as could the last two helices. 328
However, the second and third helices are separated by approximately two helical turns 329 of DNA. This is exactly the conformation we had predicted for OccR-DNA complexes 330 in the absence of octopine (1, 2, 39, 40) . 331
332
We have predicted that octopine would reduce the space between the second and third 333 helices so that the four DNA recognition helices can bind four consecutive major 334 grooves. The structure of CbnR provides a possible mechanism for this 335 conformational change. In the structure of CbnR, DNA binding domains C' and D' are 336 forced apart from A' and B' by the four ligand recognition domains (A'', B'', C'' and D''), 337 which form a C-shape (Fig. 6C and 6D) . Interestingly, this C-shape is not conserved in 338
TsaR or in PA0218 (Fig. S1 ). This complex of ligand recognition domains therefore 339 forces DNA recognition helices C' and A' apart. These helices can move closer to 340 each other only if the steric hindrance caused by the ligand recognition domains is 341 removed (arrows in Fig. 6E ). TsaR and PA0218 resemble CbnR in this respect, in that 342 the central two DNA binding helices are 50 Å or 80 Å apart, respectively, and are 343 prevented from drawing closer by steric hindrance from the four ligand recognition 344 domains (Fig. S1) Strains were cultured until mid-log phase in the absence or presence of the 502 indicated concentrations of octopine and assayed for β-glucuronidase specific 503 activity (6) 504 
